Abstract. In this work, energy absorption of ceramic tiles wrapped by aluminum foil on its impact face is experimentally and numerically studied. Penetration tests as well as numerical simulations are employed to obtain Ballistic Limit Velocity (BLV) of the tiles. Experimental and numerical results yield BLV of bare tiles as 145 2 and 141.5 m/s, respectively. For the wrapped tiles, these values are increased to 168 2 and 162 m/s, respectively. Therefore, 13% increase in BLV of the ceramic tiles is obtained by just 2.4% increase in its weight. Moreover, it is shown that energy absorption of the wrapped tiles is at least 11% greater than that of the bare ones. Based on the results, the increase in BLV and energy absorption is due to the increase in the fracture conoid angle which postpones crack propagation to the back plate.
Introduction
Besides ballistic projectiles, e cient and lightweight armors, such as ceramic armors, have been developed for long. Various ceramic tiles, such as alumina (Al 2 O 3 ), SiC, AlN, Si 3 N 4 , and TiB 2 , are suggested for use in armors [1] , among them alumina tiles are widely used, thanks to the low cost and their natural availability [2] . Since the ceramic tiles are brittle, they are weak in tension loads which occur in projectile impact. Thus, a metal or composite back-plate is used to strengthen ceramic tiles in tension and delay crack initiation as seen in ceramic armors [3] [4] [5] . As a result, penetration in the ceramic armors has attracted a great deal of interest in the literature. Analytical studies have been conducted for identifying optimized structure of these armors which have maximum Ballistic Limit Velocity (BLV) [6] [7] [8] [9] [10] . Although analytic models are useful for analysis and optimization, to achieve precise results, numerical and experimental analyses are carried out in di erent aspects, such as optimization of adhesive layer thickness [11] [12] [13] , thickness of the ceramic tile, and back plate [14] [15] [16] [17] [18] . Also, experimental studies on compactness of the ceramic tiles [19] , their size [20] , and using dual-phase back plates [21] are reported in the literature.
Due to the important role of the alumina ceramic tiles in the ceramic armors, a part of the research is devoted to penetration study of the alumina tiles [3, [22] [23] [24] [25] [26] [27] [28] . The e ect of composition of the alumina ceramic tiles was investigated by Zhang and Li [27] . Moreover, con nement of the ceramic tiles was studied in the literature [29] [30] [31] [32] [33] [34] [35] . Con ning the ceramic tiles delays the arrival of the tensile wave to the back face of the tiles and increases its energy absorption. Also, the e ect of the con nement as well as back plate support and their e ect on the damage mechanisms in ceramic tiles were illustrated [33] [34] [35] . Moreover, application of the ceramic tiles to new hybrid armors was studied [36] .
Another approach to improve energy absorption of the ceramic tiles is wrapping the impact face of the ceramic tiles [1, 37] . Sarva et al. studied the e ect of the thin membrane wrapping on the ballistic performance and failure of the armor grade Al 2 O 3 and SiC tiles at 900 m/s [1] . They demonstrated that using an appropriate membrane enhances the ballistic performance of the ceramic tiles considerably. Moreover, wrapping the ceramic tiles by a polymer restraint was studied at 820 m/s [37] , and similar results were reported. It is worthwhile to mention that the formation of the pulverized ceramic particles at high velocity range and their collision with the projectile front result in projectile abrasion and energy absorption in the rst stages of penetration. Normally, a part of the pulverized ceramic particles is dispersed and does not collide with the projectiles. Wrapping the ceramic tiles forces some of the dispersed pulverized ceramic particles to collide with the projectile, which results in more projectile abrasion and energy absorption at high velocity range [1] .
In this paper, motivated from Sarva et al. [1] and Reddy et al. [37] , the e ect of the aluminum foil wrapping on the projectile penetration in the alumina ceramic tiles is experimentally and numerically investigated for medium velocity range. Moreover, the e ect of the aluminum foil wrapping on BLV and energy absorption of the ceramic tiles is studied. It is worth mentioning that the failure mechanism of the ceramic tiles and the projectile at high velocity range is di erent from the medium one illustrated in this work.
To this end, a number of experiments are carried out on both wrapped and bare tiles. Experimental setup, specimen preparation, and experiments details are presented in Section 2. Numerical simulations of the experiments are presented in Section 3. The material parameters are identi ed in Section 3.1 and used in Section 3.2, where numerical simulation of the penetration tests is performed. The results of the experiments and simulations are discussed in Section 4 in which BLV of the ceramic tiles in both wrapped and bare cases is obtained and compared. Finally, in Section 5, we present a summary and draw conclusions.
Penetration tests
Penetration tests were employed to study the e ect of the aluminum foil wrapping on the impact resistance and energy absorption of the ceramic tiles. Experimental setup and the specimen preparation are rst explained. Then, the experiments' details are reported, and Ballistic Limit Velocity (BLV) of the ceramic tiles is calculated in both cases as follows. 
Experimental setup
As illustrated in Figure 1 , the penetration tests are performed by the use of a nitrogen gas-gun. The length and diameter of the gas-gun barrel are 2.75 m and 20 mm, respectively. Impact velocity of the projectile is measured by an optical device with accuracy of 2 m/s. In this work, the cylindrical projectiles are employed for penetration tests whose diameter and height are 7.62 mm and 22.80 mm, respectively. The projectiles are made of 4340 steel and weight 8.1 grams. Due to the di erence in the projectile diameter and inner diameter of the barrel, a PTFE sabot is employed to carry the projectile inside the barrel and prevent the barrel wear.
In this work, penetration tests are performed for both the wrapped and the bare tiles made of 99.5% alumina. The tiles are square-shaped with the side length of 50 mm and thickness of 10 mm. An aluminum foil with thickness of 100 m is used to wrap the ceramic tiles on its impact and lateral faces, as shown in Figure 2 . It is worthwhile to mention that the back face of the tile is free, and only the impact and lateral faces are wrapped. Also, methyl alpha cyanoacrylate adhesive with a very negligible thickness and mass is employed to attach the foil to the tiles.
Experimental results
Penetration tests are performed at various velocities for both cases, and the results are reported in Table 1 . The tiles are supported by a thick steel plate with a 45 mm circular hole to allow projectile perforation. Assembling the fractured tiles, formation of the fracture conoid after penetration test is depicted in Figure 3 , in which two samples of wrapped and bare tiles before and after the test are shown. The bare tile, shown in Figure 3 , is perforated at the projectile velocity of 150 m/s. Considering the increase of the velocity up to 162 m/s, the wrapped tile is not perforated, as shown in Figure 3 . Based on the experiments, the fracture conoid formation is reported in both cases whether the projectile perforated the tiles or not. According to Table 1 , the maximum value of the projectile velocity, at which the projectile did not perforate the bare tile, is 140 2 m/s, and the smallest velocity of projectile, in which perforation occurred, is 150 2 m/s. Thus, BLV of the bare tiles, which is the mean of these two values, is determined as 145 2 m/s. Similar to the bare tiles, BLV of the wrapped tiles is identi ed as 168 2 m/s. Therefore, it can be concluded that wrapping a ceramic tile by a light aluminum foil considerably enhances its BLV and energy absorption.
Numerical study
In this section, numerical simulation of the steel projectiles penetration in the ceramic tiles is carried out. Numerical simulations are performed in commercial nite element software, LS-DYNA.
Material parameters identi cation
Johnson-Cook model is used for simulation of plastic behavior of the projectile as well as the aluminum foil under dynamic load. In this model, ow stress, , is expressed as follows [38] :
where " p and _ " are the equivalent plastic strain and the e ective total strain rate, respectively. Dimensionless parameter, T = (T T r )=(T m T r ), is homologues temperature in which T is temperature, while T r and T m are room and melt temperatures, respectively. Also, A, B, C, m, and n are material parameters. Moreover, this model consists of a damage part in which the strain at fracture is: Table 2 , where , E, , and C p are density, Young's modulus, Poisson ratio, and speci c heat capacity, respectively. The material parameters for 4340 steel are also reported in Table 3 [39] .
Johnson-Holmquist model is employed to simulate the behavior of ceramic tiles under dynamic load. This model is used for brittle materials which considers the strain rate e ects and the damage evolution in which the equivalent normalized stress,, is expressed as [38, 40] :
where D is the accumulated damage due to an increase in plastic strain, and superscript`^' indicates that the values are normalized with respect to Hugoniot Elastic Limit (HEL) value. Also, intact ceramic strength, i , is equal to [38, 40] :
in whicht andp are normalized tensile and pressure parts of equivalent stress, respectively. To represent the damage behavior, plastic strain at failure (" p f ) and damaged material strength ( f ) are de ned as: In addition, SFMAX is the maximum normalized fracture strength. Plastic strain at failure (FS) and maximum Tensile Strength (TS) are also required in the analysis. The model has also a hydrostatic part which relates the hydrostatic pressure (p) to the density change in compression as [38, 40] : p = k 1 + k 2 2 + k 3 3 ; (7) where is the hydrostatic compression, and k 1 , k 2 , and k 3 are model parameters. Also, in tension, we have: p = k 1 : (8) Johnson-Holmquist material parameters for 99.5% alumina used in this work are summarized in Table 4 .
Numerical simulation results
Due to symmetry in the fracture conoid formation and the projectile deformation, an axisymmetric model is used to simulate projectile penetration in the ceramic tiles. 4-node axisymmetric elements with one integration point and hourglass control are used. The ceramic tiles model has 200 elements in thickness and 500 elements in radial direction. The projectile also contains 220 elements in height and 30 elements in radial direction. In addition, in the wrapped case, the aluminum foil consists of 382 elements. We highlight that the number of elements of the constructed model is re ned enough to reach convergence and reveal crack growth in the ceramic tiles. The constructed numerical model is shown in Figure 2 (c). We use AUTOMATIC-SURFACE-TO-SURFACE command in LS-DYNA to model contact between the projectile and the aluminum foil as well as the ceramic tile. Contact between the foil and the ceramic tile is then simulated by TIED-SURFACE-TO-SURFACE command [41] . At least 14 simulations are performed for which the minimum run time is 3 hours per one simulation. The results for various impact velocities, in both wrapped and bare tiles, are reported in Table 5 . As observed, the results are in good agreement with the experimental data obtained in Section 2.2. In Figure 4 , the fracture conoids obtained from experiments and simulations are compared, showing again very good agreement.
As an example, simulation of the projectile penetration in a bare ceramic tile at 150 m/s is depicted in Figure 5 (a) to (c) at di erent time instants. As shown in Figure 5 (c), the projectile perforated the bare tile which is observed in the experiments. Also, progress of the crack growth and the fracture conoid formation is depicted at di erent instants after the projectile Table 4 . Johnson-Holmquist material parameters for 99.5% alumina tiles [44] . (kg/m 3 ) impact. Numerical simulation of the projectile penetration in a wrapped ceramic tile at 170 m/s is shown in Figure 5 (d) to (f). The projectile perforated the wrapped tile at this velocity which is in agreement with the experimental data. In both cases, the projectile deformation is small and its nal shape is similar to that of Taylor impact test. This phenomenon is in agreement with the experimental results obtained from penetration tests shown in Figure 6 .
Results and discussion
In this section, the experimental and numerical results are discussed, and the aluminum foil e ect on BLV and energy absorption of the ceramic tiles for both cases is investigated. As mentioned in Section 2, BLV is assumed to be the average of the largest velocity in which the projectile does not perforate the tile and the smallest velocity in which the perforation occurs. Thus, based on the experimental results, BLV is obtained as 168 2 and 145 2 m/s for the wrapped and bare ceramic tiles, respectively. It is worthwhile to mention that due to the accuracy of the velocity measurement, the accuracy of the calculated BLV from the experimental results is also 2 m/s. Also, considering the numerical results, BLV of the wrapped and bare tiles is 162 and 141.5 m/s, respectively, which is in good agreement with the experimental data. Therefore, BLV of the wrapped tiles increases at least 19 m/s with respect to the bare ones. The weights of foil, adhesive layer, and the bare ceramic tile are 0.7, 1.5, and 93.0 gr, respectively. Thus, it can be concluded that wrapping the ceramic tile by the aluminum foil results in 13% increase in its BLV with respect to the bare case, while its weight is increased by just 2.4%. To calculate energy absorption of the tiles, kinetic energy change of the projectile ( KE) is required which is:
where m p , v i , and v r are mass, impact, and residual velocity of the projectile, respectively, in which the value of v 2 r is negligible with respect to v 2 i . Kinetic energy change of the projectile is due to energy absorption of the ceramic tile and the projectile. Thus, we can obtain energy absorption of the ceramic tiles by calculating the kinetic energy change as well as absorbed energy of the projectile.
In order to calculate energy absorption of the projectile during plastic deformation, we rst investigate the projectile deformation. Considering projectile pro le from numerical simulation of the penetration test, numerical simulation of Taylor impact test, and experimental results obtained in this work as shown in Figure 6 (a), it is assumed that the projectile deformation is similar to that of the Taylor impact. As depicted in Figure 6 (a), deformation of the projectile in these cases is very similar. Taylor impact test is simulated in LS-DYNA and energy absorption of the projectile is plotted versus its nal length, as shown in Figure 6 (b). Subtracting energy absorption of the projectile from the change of its kinetic energy, energy absorption of the ceramic tiles is obtained. Using the experimental data from Table 1 and the numerical results from Figure 6 (b), energy absorption of the projectile is calculated and reported in the same table as well.
The changes in the kinetic energy of the projectile as well as its energy absorption, and consequently, energy absorption of the tiles are calculated for the wrapped and bare tiles and depicted in Figure 7 (a) and (b) in terms of the impact velocity. As shown in Figure 7 (a) and (b), increasing the impact velocity eventuates in an increase in energy absorption of the both wrapped and bare tiles. Energy absorption of the wrapped and the bare tiles is also compared in Figure 7 (c). As shown in Figure 7 (c), energy absorption of the wrapped tile is greater than the bare case at a particular impact velocity. The amount of increase in energy absorption of the wrapped tiles as well as the percentage of its increase with respect to the bare tiles are also shown in Figure 7(d) . As shown in Figure 7 (d), at least 11% increase in energy absorption is attained only by 2.4% increase in weight of the tiles. This value is increased as the projectile velocity increases which is 15% at 180 m/s.
To investigate the reason of increase in BLV and energy absorption of the wrapped tiles, we focus on the fracture conoid formation in both cases. Due to the good agreement between experiments and numerical simulations as discussed in Section 3.2, numerical results are employed to investigate the facture conoid formation in tiles. As shown in Figure 8 results, as depicted in Figure 8 , the diameter of the fracture conoid is greater in the wrapped cases which qualitatively validates the numerical results. Based on the above results, we conclude that wrapping the ceramic tiles by an aluminum foil enhances energy absorption by two mechanisms. Firstly, the components of the fractured ceramic tiles are kept together by the foil during projectile penetration, resulting in more energy absorption. Secondly, as depicted in Figure 8 , the fracture conoid angle is increased in the wrapped tiles which enhances the crack length and postpones the crack arrival to the back face of the tile, and as a result, an increase in energy absorption as well as BLV is observed [34, 42] .
Summary and conclusions
In this paper, the e ect of aluminum foil wrapping on Ballistic Limit Velocity (BLV) and energy absorption of the alumina ceramic tiles was studied. The aluminum foil was added to the impact face of the ceramic tile while its back face was free. In this regard, penetration tests were performed for both the wrapped and the bare tiles. Numerical simulation of the penetration in the ceramic tiles was also carried out, which was in good agreement with the experimental results. Crack growth and fracture conoid formation were also captured by numerical simulations.
Based on the experimental results, BLV of the wrapped and the bare tiles was determined as 168 2 and 145 2 m/s, respectively. Also, from the numerical results, BLV was calculated as 162 and 141.5 m/s for the wrapped and bare tiles, respectively, which were in good agreement with experiments. Thus, it can be concluded that BLV of the wrapped ceramic tile increases at least 13% just by 2.4% increase in the tile weight due to the aluminum foil wrapping. Based on the experimental results, energy absorption of the ceramic tiles was then calculated. The results revealed that in the velocity range of 140-180 m/s, which is in the vicinity of tiles BLV, energy absorption of the wrapped tiles is at least 11% more than that of the bare tiles. This value was reached 15% at 180 m/s.
Finally, the aluminum foil role was investigated based on the experimental and numerical results. Aluminum foil keeps the fractured ceramic components with each other for extra time which enhances energy absorption of the wrapped tiles. Also, fracture conoid angle of the wrapped tiles is greater than that of the bare ones resulting in larger crack length, postponing the crack propagation to the back face, and enhancing BLV of the wrapped tiles. Jamal Arghavani is currently an Assistant Professor at Mechanical Engineering Department at SUT. His long-term research interest is constitutive modeling (materials behavior modeling) under di erent loading conditions. In recent years, he has specially focused on constitutive modeling of shape memory alloys under multi-axial non-proportional thermo-mechanical loading.
